In this study, we wished to assess the prevalence and determine the sources of three zoonotic bacterial pathogens (Salmonella, Campylobacter, and Escherichia coli O157:H7) in the Salmon River watershed in southwestern British Columbia. Surface water, sewage, and animal faecal samples were collected from the watershed. Selective bacterial culture and PCR techniques were used to isolate these three pathogens and indicator bacteria from these samples and characterize them. Campylobacter was the most prevalent pathogen in all samples, followed by Salmonella, and E. coli O157:H7. E. coli O157:H7 and Salmonella isolation rates from water, as well as faecal coliform densities correlated positively with precipitation, while Campylobacter isolation rates correlated negatively with precipitation. Analysis of DNA extracted from water samples for the presence of Bacteroides host-species markers, and comparisons of C. jejuni flaA-RFLP types and Salmonella serovars from faecal and water samples provided evidence that human sewage and specific domestic and wild animal species were sources of these pathogens; however, in most cases the source could not be determined or more than one source was possible. The frequent isolation of these zoonotic pathogens in the Salmon River highlights the risks to human health associated with intentional and unintentional consumption of untreated surface waters.
INTRODUCTION
Water contaminated with animal wastes has been linked to outbreaks of waterborne disease around the world (Hrudey et al. 2002) . Well-water sources under the influence of contaminated surface water are responsible for a disproportionate number of cases of waterborne disease outbreaks (Blackburn et al. 2004; Smith et al. 2006) . For example, in Walkerton Ontario, failure to adequately treat drinking water, intense rains, and surface water contaminated with cattle manure were responsible for a community outbreak of E. coli O157:H7 and Campylobacter infections which resulted in an estimated 2300 cases of gastrointestinal illness and seven deaths (Hrudey et al. 2002; Auld et al. 2004) . In addition, the number of waterborne disease outbreaks associated with contaminated surface water used for recreational activities and irrigation of vegetable crops has been on the rise (Yoder et al. 2008a ).
The Salmon River watershed is located in the township of Langley in the lower mainland of British Columbia and contains numerous small farms and settlements. Beef, dairy, and sheep farms, as well as "hobby farms" dominate the area. The township's wastewater treatment plant is located approximately 5 km northeast of the watershed; however, many residents rely on private septic systems rather than a municipal system. There are more than 3200 septic systems in the Salmon River watershed (Wernick et al. 1998) . The aquifer-fed Salmon River passes through the township downstream of the Salmon River headwaters, and serves as a drinking water source for Langley residents. Although surface water used for drinking is generally treated, a large proportion of Langley residents drink untreated well water.
An understanding of the relative contributions of pathogenic bacteria in faeces of different animal species in this area would be a logical precursor to any source abatement strategy. In addition, the application of bacterial pathogen typing (Ertas et al. 2004; Takahashi et al. 2006; Wilson et al. 2008; Hannon et al. 2009; Huang et al. 2009; Sheppard et al. 2009 ) and direct detection of host-species specific bacterial DNA (Bernhard & Field 2000b; Dick et al. 2005a ) could be useful in identifying sources (microbial source tracking; MST) of faecal contamination in surface waters. While library-and culture-independent MST methods are inexpensive, quick, and easy to use (Bernhard & Field 2000b) , molecular subtyping methods for pathogens may provide confirmation, and in some cases greater discrimination in the identification of faecal sources of contamination. In this context, we undertook a detailed analysis of the prevalence and the characteristics of pathogens isolated from surface waters and animal faecal matter, and the distribution of various host-species specific MST markers in these surface waters. The specific purposes of this study were to: 1) assess the prevalence of the zoonotic bacterial pathogens Salmonella spp., Campylobacter spp., and Escherichia coli O157:H7 in these surface waters, 2) explore the spatial and temporal factors associated with the presence of these three pathogens in these surface waters, and 3) determine the animal sources of water contamination with these bacterial pathogens using pathogen typing and 16S rDNA Bacteroides-Prevotella host species-specific markers (Bernhard & Field 2000a; Dick et al. 2005a,b) .
MATERIALS AND METHODS
Water and faecal sampling Animal faecal samples were obtained fresh from species found within the watershed (alpaca n ¼ 9, cattle n ¼ 33, dog n ¼ 17, chicken n ¼ 17, duck n ¼ 23, horse n ¼ 23, goat n ¼ 13, goose n ¼ 13, llama n ¼ 10, sheep n ¼ 42, pig n ¼ 5, rabbit n ¼ 11, rat n ¼ 1). Water, sewage, and faecal samples were placed on ice upon collection, shipped to the Lethbridge, Alberta laboratory, and analysed within 24 h.
To estimate animal numbers in the watershed, we used the sub-division census data for north (SF, DA, CO) and central (SH) Langley (Statistics Canada 2007) . Data from these regions most accurately match the watershed, covering approximately 70% of its total area. Animal units (AU) for each subdivision were approximated by multiplying the number of animals by an animal unit factor for the specific type of animal (Table 1) . Animal unit factors are based on the amount of manure produced by an animal of a certain average weight. An adult cow weighing approximately 1,000 lb or 454 kg has an AU factor of 1; therefore, to calculate AU factors for other animals, the average weight of that animal in pounds or kilograms was divided by 1,000 or 454, respectively (Delaware Department of Agriculture 2001; Minnesota Department of Agriculture 2007). The types of animals (e.g. roasting versus broiler chickens) were not publicly available; therefore, some assumptions were made for the calculation of AU. It was assumed that the proportion of cattle to calves would be similar in north and central Langley, so an AU factor of 1 was used for all cattle. Similarly, the AU factor used for hens and chickens was that which refers to chickens weighing more than 2.3 kg, and the AU factor used for swine was that which refers to pigs weighing more than 136 kg (Minnesota
Department of Agriculture 2007).

Faecal coliform enumeration
A 100 ml aliquot of each water sample was filtered through a 0.45 mm membrane filter and cultured on M-FC Agar at Three -500 ml aliquots of water samples were vacuum- For the isolation of E. coli O157:H7, the BPW enrichment cultures were incubated for 18 -20 h at 378C.
One millilitre of the culture was then inoculated into 9 ml of modified trypticase soy broth containing 20 mg l 21 of novobiocin (Padhye & Doyle 1991 ) and incubated at 428C
for 6 h. Immuno-magnetic capture of E. coli O157:H7 using paramagnetic beads coated with O157 antibody (Dynal, Oslo, Norway) was carried out using the manufacturer's instructions. Bead suspensions were removed from the cultures and spread onto sorbitol MacConkey agar containing 50 mg l 21 cefixime and 2.5 mg l 21 tellurite (Chapman et al. 1994 ) and incubated for 24 h at 428C. Suspect colonies were tested by slide agglutination using an O157 latex agglutination test (Difco, Detroit, MI). Bacterial colonies positive in the agglutination assay were tested using an E. coli O157:H7-specific PCR assay targeting the fliC, eaeA, and verotoxin genes (Gannon et al. 1997 (Bolton et al. 1984) . Campylobacter-like colonies were subcultured onto blood agar plates and incubated microaerophilically at 428C for 24 h. Following incubation, colonies were screened using oxidase and catalase tests.
Isolates positive for both of these tests were confirmed using a multiplex PCR assay for the detection of Campylobacterspecific 16S rRNA gene sequences, as well as the mapA, and the ceuE genes specific to C jejuni and C. coli, respectively (Denis et al. 1999) . RFLP typing of the flaA gene of Campylobacter spp. was performed using the methods of Nachamkin et al. (1993) Carlsbad, CA). The reaction mixtures were initially held at 948C for 2 min. This was followed by 37 cycles of amplification consisting of denaturation at 948C for 1 min, annealing at 538C, 638C, 628C, 548C, 628C, and 578C for the genus-, ruminant-, human-, pig-, horse-, and dog-specific PCRs, respectively for 45s, and extension at 728C for 45s. At the end of cycling, a final extension at 728C for 6 min was used. PCR products were held at 48C until they could be visualized in ethidium bromide stained 1.2-2% agarose gels following electrophoresis using 1X TBE buffer (pH 8.0) at 110 V for 35 min. Amplicon sizes produced for the generic and ruminant-, human-, pig-, horse-, and dog-specific PCRs were 677, 595, 520, 563, 129, and 220 bp, respectively.
Bacteroides vulgatus and known host-source faecal DNA was used as positive controls for the genus-specific and host-species specific primers, respectively.
Statistical analyses
Pearson's correlation coefficient (r) was applied to measure the significance of seasonal relationships between pathogen isolations, indicator counts, and Bacteroides-Prevotella host-species marker prevalence. Fisher's exact test (P , 0.05) with Bonferroni's adjustment was applied to test for significant differences between bacterial isolation rates and Bacteroides-Prevotella marker prevalence.
RESULTS
Spatial and seasonal distribution of pathogens and
Bacteroides 16S markers
Although there were no statistically significant spatial differences within the watershed with respect to the frequency of pathogen detection and the density of faecal coliform bacteria (Table 2) , Campylobacter spp. isolation rates were higher at the upstream site SH than at the downstream site SF (56.7 versus 31.5%, respectively), and
were similar between the two tributaries CO and DA (42.3 and 38.7%, respectively). In contrast to Campylobacter spp.,
Salmonella was isolated at the greatest frequency from the downstream site SF (16.7%) compared with the upstream sites SH (13.3%), CO (11.3%) and DA (9.7%). Like
Campylobacter spp., E. coli O157:H7 isolation rates were higher at the upstream site SH than at the downstream site SF (6.7 versus 0%, respectively) and were similar between the two tributaries DA and CO (3.1 and 2.8%, respectively). Average faecal coliform counts ranged from 334 to 1191 CFU/100 ml.
There were marked seasonal differences in the detection of pathogens and faecal coliform bacteria.
E. coli O157:H7 was isolated during the winter, spring, and fall, but not the summer ( Several host species-specific Bacteroides markers were detected within the watershed. The genus-specific
Bacteroides marker was detected at the greatest frequency, followed by the human, pig, horse, and dog and ruminant markers ( Table 2 ). The Bacteroides genus-specific and human-specific markers were the only markers detected at all of the sites. The frequency of detection of the generic marker was not significantly different between sites;
however, detection of the human-specific marker was significantly higher at the upstream site SH than at the downstream site SF (30.4 versus 4.2%, respectively), and the pig marker was detected at a significantly higher rate at site DA than at site SF (26.1 versus 0%, respectively). No other significant differences in the spatial distribution of host-species specific markers were observed.
The frequency of detection of the various Bacteroides markers also varied markedly with season (Table 2) .
Significantly more of the genus-specific Bacteroides marker was detected during winter (56.3%), spring (45.5%), and fall (41.7%) than during summer (0%). Significantly more of the human marker was detected during the winter (37.5%) than during the summer (3.1%) or fall (0%), and also during the spring (22.7%) than during the fall (0%). The ruminant marker detections occurred only during the winter (18.8%) and not in any other season. The lowest frequencies of the generic, ruminant, human and dog Bacteroides markers were detected during the summer and the greatest frequencies of these markers was detected during the winter.
The pig marker frequency, in contrast, was highest in the summer and fall (15.6 and 12.5%, respectively) and lowest in the winter and spring (6.2 and 4.5%, respectively).
Relationships between pathogen subtypes isolated from faecal and water sources
Campylobacter was isolated at the greatest frequency from animal faecal samples and sewage (22%), followed by Salmonella (4.8%; Table 3 ). E. coli O157:H7 was not isolated from animal faecal matter during this study.
Campylobacter was present in the faeces of 11/13 animal species tested, as well as in sewage. Although there were no statistically significant differences between Campylobacter spp. isolation rates among the sources tested in the current study, the highest rates were observed in sewage (36.4%), as well as pig (80%), duck (52.2%), and goose (38.5%) faecal samples. C. jejuni was isolated from all of the 11 host species, as well as from sewage, C. coli was isolated from pig, chicken, and goose faeces, and other Campylobacter spp. were isolated from pig faeces only (Table 4) . C. jejuni was also detected at the greatest frequency in water samples (72/76 or 93.4%), followed by C. coli (7/76 or 9.2%) and other Campylobacter spp.
(1/76 or 1.3%)
Cluster analyses of flaA-RFLP profiles were performed on 24 C. jejuni isolates of faecal origin and 42 C. jejuni isolates of water origin ( Five Salmonella enterica serovars were isolated from the faeces of 3/13 animal species and sewage, and 12 different serovars were detected in surface water samples (Table 6) . Salmonella serovars Typhimurium, Typhimurium
Copenhagen, Mbandaka, and Agona were isolated more than once from different surface water sites. Salmonella serovars isolated from water and faecal sources varied considerably. Salmonella Typhimurium and I:4,5,12:i:-were the only serovars isolated from both water and faeces.
The Salmonella serovar Typhimurium isolated from surface water had the same phage type (PT) as the serovar Typhimurium isolated from goose faeces (Table 6 ).
DISCUSSION
To our knowledge, this study is the first to present information on the distribution and characteristics of the There were some similarities between seasonal isolation rates of the pathogens and MST markers in the study; however, isolation rates were variable overall. More importantly, average faecal coliform counts were high at each of the four sites examined. Although the use of faecal coliforms, among other faecal indicator organisms, as predictors of faecal contamination has been one of debate, these organisms and other organisms such as E. coli are still used as indicators of water quality for lack of a better substitute (Tortorello 2003) . While E. coli may be considered a more suitable indicator of faecal contamination than faecal coliforms, a high correlation between E. coli and faecal coliform densities in agricultural watersheds has been observed in previous studies, supporting their use in the current study (Wilkes et al. 2009; unpublished data) . The prevalence of the 16S rDNA genus-specific Bacteroides marker was examined and compared to pathogen isolation rates and faecal coliform densities in order to assess its usefulness as an alternative indicator of faecal pollution.
Stronger positive correlations were observed between pathogen isolation rates (with the exception of Campylobacter) and faecal coliform densities than between pathogen isolation rates and detection rates of the genus-specific
Bacteroides marker. Negative correlations were observed between Campylobacter isolations and faecal coliform rain (Hrudey et al. 2002) , the risk of waterborne disease in populations that drink untreated well water is also very high (Yoder et al. 2008b) . In Langley, more than 25% of the residents drink untreated well water, and previous research attributed elevated nitrate levels in both groundwater and surface water in this watershed to a high density of animal production units and septic systems (Wernick et al. 1998) .
Although the Salmon River does not have designated beaches, it is popular for fishing and it is not uncommon for children to play in the water. Considering these possible routes of transmission of pathogens from land to surface water or groundwater, as well as from surface water or groundwater to humans, the level of risk would be expected to be high based on the fact that more than 50% of the water samples analysed were positive for at least one of the three pathogens, and also because of their potentially low infectious doses (Blaser & Newman 1982; Tauxe et al. 1992; Paton & Paton 1998; Kothary & Babu 2001) . All three of these pathogens are capable of causing severe enteric disease that may lead to death. Campylobacteriosis continues to be the leading cause of gastroenteritis in North America, and both Campylobacter and E. coli O157:H7
were responsible for illness and the loss of life in the waterborne disease outbreak in Walkerton, Ontario (Hrudey et al. 2002; Auld et al. 2004) .
Elucidation of potential sources of enteric, waterborne pathogens is important because this information may suggest ways in which we can help reduce risks to human health associated with these pathogens. The Bacteroides culture-and library-independent MST methods applied in the current study are attractive because there is neither the need for culture nor is it necessary to develop a reference library. Unfortunately the majority of host-species specific
Bacteroides appear to be non-culturable, and while cultureindependent methods are quicker and more cost efficient, Relationships were observed between the pathogen subtyping methods and the Bacteroides MST PCR method.
For example, high levels of the Bacteroides pig-specific marker (Table 2) , as well as Salmonella spp. serovars Mbandaka and Typhimurium Copenhagen (Table 6 ), which are commonly isolated from pigs (Davies et al. 1999; Gebreyes et al. 2004a,b; Rajic et al. 2005) , were more prevalent in areas with greater pig population densities (Table 1 ). The Bacteroides ruminant-specific marker (Table 2) , C. jejuni isolates with flaA-RFLP profiles that matched those of ruminant animals (Table 5) , and E. coli O157:H7 (Table 2) , which are commonly associated with ruminant faeces (Walters et al. 2007; La Ragione et al. 2009) ,
were isolated from water sites SF, CO and SH. Many possible domestic and wild ruminant sources of contamination exist at each of these sites (Table 1) . Although no culture-independent bird-specific PCR-based assay was used in the current study, Salmonella and Campylobacter spp. typing methods, as well as the high isolation rates of these pathogens from goose and duck faeces (Table 3) suggest that these birds may be another significant source of enteric pathogens in the Salmon River. Untreated human sewage was the highest source of Salmonella spp. (54.5% of the sewage samples were positive for this pathogen), and it was among the top four sources of Campylobacter spp. 
CONCLUSIONS
In this study, the frequent isolation of bacteria associated with drinking water and recreational outbreaks of waterborne disease (campylobacters, salmonellae and E. coli O157:H7) underlines the human health risks associated with untreated surface waters. The high prevalence of these enteric bacterial pathogens in animal faecal and sewage samples suggests that faecal wastes from many sources may contribute to this pathogen load. Salmonella serotyping and molecular subtyping of C. jejuni revealed that host speciesspecific and location-specific subtypes could be isolated from water. This information may be useful in pin-pointing sources of water contamination and implementing best management practises.
